Mitosis-Specific Mechanosensing and Contractile-Protein Redistribution Control Cell Shape  by Effler, Janet C. et al.
Current Biology 16, 1962–1967, October 10, 2006 ª2006 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2006.08.027Report
Mitosis-Specific Mechanosensing
and Contractile-Protein Redistribution
Control Cell ShapeJanet C. Effler,1,2 Yee-Seir Kee,1 Jason M. Berk,1
Minhchau N. Tran,1 Pablo A. Iglesias,2
and Douglas N. Robinson1,*
1Department of Cell Biology
Johns Hopkins University School of Medicine
2Department of Electrical and Computer Engineering
Johns Hopkins University Whiting School of Engineering
725 N. Wolfe Street
Baltimore, Maryland 21205
Summary
Because cell-division failure is deleterious, promoting
tumorigenesis in mammals [1], cells utilize numerous
mechanisms to control their cell-cycle progression
[2–4]. Though cell division is considered a well-
ordered sequence of biochemical events [5], cytokine-
sis, an inherently mechanical process, must also be
mechanically controlled to ensure that two equivalent
daughter cells are produced with high fidelity. Given
that cells respond to their mechanical environment
[6, 7], we hypothesized that cells utilize mechanosens-
ing and mechanical feedback to sense and correct
shape asymmetries during cytokinesis. Because the
mitotic spindle and myosin II are vital to cell division
[8, 9], we explored their roles in responding to shape
perturbations during cell division. We demonstrate
that the contractile proteins myosin II and cortexillin
I redistribute in response to intrinsic and externally
induced shape asymmetries. In early cytokinesis,
mechanical load overrides spindle cues and slows
cytokinesis progression while contractile proteins
accumulate and correct shape asymmetries. In late
cytokinesis, mechanical perturbation also directs con-
tractile proteins but without apparently disrupting
cytokinesis. Significantly, this response only occurs
during anaphase through cytokinesis, does not re-
quire microtubules, and is independent of spindle ori-
entation, but is dependent on myosin II. Our data
provide evidence for a mechanosensory system that
directs contractile proteins to regulate cell shape
during mitosis.
Results and Discussion
To test whether cells monitor their shape during cell di-
vision, we examined whether cytokinetic Dictyostelium
discoideum cells show asymmetries in myosin-II distri-
bution, which would be suggestive of an active system
for correcting shape asymmetries. We collected and
analyzed 40 time-lapse movies of dividing myoII::GFP-
myosin-II; RFP-a-tubulin cells. Of these, 57% showed
symmetric myosin-II distribution and centralized spindle
placement during cytokinesis and an enrichment of
*Correspondence: dnr@jhmi.edumyosin II in the cleavage furrow as cytokinesis pro-
gressed (Figure 1A; Table S1 and Movie S1 in the
Supplemental Data available online). However, the re-
maining 43% exhibited an asymmetrically positioned
mitotic spindle early (anaphase to onset of furrowing)
in cytokinesis, with GFP-myosin-II distribution concen-
trated in the cortex furthest from the spindle. These
asymmetrical cells had an axial ratio of 1.5 6 0.08
(mean6 standard error of the mean [SEM]), which is sig-
nificantly greater than the axial ratio of 1.26 0.03 for the
symmetrically shaped cells (Student’s t test, p = 0.001;
Supplemental Experimental Procedures). As the cells
progressed through anaphase, the spindle was reposi-
tioned to the center, and myosin II accumulated at the
equator, allowing the cells to proceed symmetrically
through cytokinesis (Figure 1B; Table S1; Movie S2).
These observations suggest that cells redistribute myo-
sin II to correct shape and/or spindle asymmetries, pre-
venting the cell from producing asymmetric daughter
cells.
Because cell-shape deformation and force are inextri-
cably linked, we tested the possibility that shape asym-
metry reflects asymmetric forces acting on the cell
cortex. To determine rigorously whether myosin-II
asymmetry is a response to shape disturbances, we
developed a micropipette aspiration system to apply
mechanical loads to dividing cells (Supplemental Exper-
imental Procedures). To ensure that physiologically
relevant loads were applied, the minimum pressure re-
quired to form a small hemispherical bulge in the pipette
was used. Commensurate with the cortical tension of
the cell, this load should generate significant cellular
deformation (strain) without overwhelming the ability of
the cell to respond mechanically. Aspiration pressures
applied to myoII::GFP-myosin-II; RFP-a-tubulin ranged
from 0.16–0.60 nN/mm2. On the basis of the pipette
radius and pressure, the applied force ranged from 8–
15 nN, similar to the 4–7 nN of force estimated previously
to drive the shape changes of cytokinesis [10, 11].
Using this system, we demonstrate that cells recruit
contractile proteins in response to shape deformation
to regulate the progression of shape changes during cy-
tokinesis. When aspiration pressure was applied to cells
in early (anaphase to the onset of furrowing) or late (on-
set of furrowing to completion) cytokinesis, myoII::GFP-
myosin-II; RFP-a-tubulin cells responded by sending
GFP-myosin II to the cortex in the pipette (Figure 2A;
Table S1; Movie S3). To analyze the responses quantita-
tively, we measured GFP-myosin-II cortical intensities
inside and outside the pipette (Supplemental Experi-
mental Procedures; Figures 2D–2F). Cells aspirated
early in cytokinesis generated large-scale myosin-II re-
sponses, resulting in substantial recruitment of GFP-
myosin II to the pipette, enabling the cell to reject the
shape disturbance even though the applied mechanical
load was kept constant (Figures 2A and 2D). After
escaping the pipette, myosin II redistributed to the fur-
row and the cell divided symmetrically. A small-scale
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1963Figure 1. Progression of a Mitotic Cell through the Stereotypical Shape Changes of Cytokinesis without Mechanical Load
(A) Symmetrical GFP-myosin II is observed in 57% of unloaded dividing cells. The cell rounded up, and the mitotic spindle was centrally posi-
tioned (0 s). GFP-myosin II enriched in the cleavage furrow and the mitotic spindle elongated, positioning each daughter nucleus at opposite
poles (58 s). The cleavage furrow constricted (149 s) until a bridge was formed (239 s), which finally severed (357 s). Line scans show the mag-
nitude of GFP-myosin II; insets show the line position. This sequence corresponds to Movie S1.
(B) Asymmetric GFP-myosin-II distribution in early cytokinesis is found in 43% of dividers. Initially, the cell is elongated with the mitotic spindle
asymmetrically positioned within the cell (0 s, arrowheads). GFP-myosin II localized to the polar cortex (arrows; 176 s) furthest from the spindle.
As the spindle elongated (189 s and 263 s), myosin II reoriented to the cleavage furrow, and the cell progressed through symmetric shape
changes of cytokinesis (375 s). Line scans revealed the magnitude of the GFP-myosin-II response; insets show the line position. The line
scan of the 263 s frame shows the asymmetry of myosin II in the cleavage-furrow cortex (compares to Figure 1A 149 s). Scale bars represent
10 mm. This sequence corresponds to Movie S2.myosin-II response was observed in cells that were
loaded late in cytokinesis (Figures 2B and 2E). In these
late-stage cytokinetic cells, myosin II accumulated in
the polar cortex without apparently disrupting the myo-
sin-II accumulation at the contractile ring. Under contin-
uous load, these cells divided symmetrically. Signifi-
cantly, cells perturbed by the pipette took longer
(630 6 63 s, n = 27) to complete cytokinesis than
unloaded cells (460 6 24 s, n = 23; Student’s t test, p =
0.017). To determine the completion times, we used
the initiation of spindle elongation as the reference
time (0 s), which meant only movies of cells starting
prior to anaphase onset could be included in the com-
pletion-time analysis. Overall, the majority of aspirated
mitotic cells (73%) responded by localizing myosin II
to the site of aspiration, demonstrating their ability to
respond to mechanical disturbances during cytokinesis
(Table S1).
To test whether the redistribution of myosin II in re-
sponse to mechanical load is mitosis specific or is a gen-
eral mechanosensory response, we examined inter-
phase cells. Interphase cells expressing GFP-myosin II
were aspirated with pressures ranging from 0.2–0.6
nN/mm2 for over 25 min, w25-fold longer than needed
for a response during mitosis (Figure 2C). Of 17 inter-
phase cells, none recruited myosin II to the pipette (Fig-
ures 2C and 2F; Table S1). Because the half-life for my-
osin II at the cortex is similar in interphase and mitoticcells [12], the response likely depends on a mitosis-
specific mechanosensor that is independent of myosin-
II thick-filament assembly and localization dynamics.
Because aspiration applies force to the cell and myo-
sin II is a force-generating mechanoenzyme, we tested
whether myosin II is required for resisting the applied
force to ensure symmetrical cytokinesis. Without me-
chanical load, approximately half (compared to only
8% of wild-type unloaded divisions and 5% of wild-
type loaded divisions) of the successful myosin-II mu-
tant cell divisions produced unequally sized daughter
cells, and the overall failure rate of cell division was
not appreciably higher for myosin-II mutant cells than
for wild-type cells (Table S2). When aspirated, the myo-
sin-II mutant cells showed a 3-fold increase in failure
rate and lost their ability to control their shape changes,
leading to grossly asymmetric divisions (Figures 3A and
3B; Table S2; Movie S4). Furthermore, the myosin-II mu-
tant cells could only withstand about half of the aspira-
tion pressure as wild-type cells without being fully aspi-
rated into the pipette. Thus, myosin II is essential for
resisting mechanical disturbances and for ensuring
symmetrical cell division.
We also examined whether other actin-associated
cytoskeletal proteins respond to mechanical load. Cells
expressing GFP-cortexillin I, an actin crosslinker that
localizes to the cleavage-furrow cortex during cytokine-
sis, were aspirated with pressures ranging from
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1964Figure 2. GFP-myosin II Localized in Response to Mechanical Load in Cells Undergoing Cytokinesis
(A) A mitotic cell in early cytokinesis (0 s) was captured with the micropipette aspirator (102 s) by using a pressure of 0.34 nN/mm2. Although a con-
tractile ring had been initially formed (0s), the cell recruited GFP-myosin II to the pipette (169 s). Under constant pressure, the cell escaped the
pipette (249 s). The cell reoriented myosin II to the equator, re-established the correct spindle position, and underwent symmetric cytokinesis
(1073 s, 1353 s). Line scans show the magnitude of the GFP-myosin-II response; insets show the line position. The 169 s panel can be compared
to the 189 s panel in Figure 1B, which also shows asymmetric myosin II. This image sequence corresponds to Movie S3.
(B) A cell aspirated late in cytokinesis accumulated GFP-myosin II to both the pipette and the furrow. Even under continuous load, the cell di-
vided. Line scan shows the magnitude of the GFP-myosin-II response; insets show the line position. This cell can be contrasted to the 239 s panel
in Figure 1A, where there is no polar enrichment of myosin II.
(C) An interphase cell was aspirated with a pressure of 0.3 nN/mm2 for 26 min. GFP-myosin II was not recruited to the site of the pipette, indicating
that GFP-myosin-II recruitment is mitosis specific. Line scans show the magnitude of the GFP-myosin-II response; insets show the line position.
Scale bars in (A)–(C) represent 10 mm.
(D)–(F) Frequency histograms of the distribution of magnitudes of early (D) and late (E) cytokinesis and interphase (F) responses. Responders
(Supplemental Experimental Procedures) are shaded dark gray, and nonresponders are shaded light gray. Both early and late distributions
were significantly greater than the interphase responses (Student’s t test: p < 0.0001). As a note, we have yet to detect a clear correlation between
the magnitudes of the applied loads and responses.
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1965Figure 3. Contractile Proteins Control Cell Chape during Cytokinesis and Redistribute in Response to Load Independent of Microtubules
(A) The myoII null cell fails to divide under pressure (0.16 nN/mm2). Movie S4 shows a different myosin-II mutant cell failing cytokinesis under load.
(B) The myoII null cell divides under pressure (ranging from 0.1–0.2 nN/mm2), producing two grossly asymmetric daughter cells. Scale bar rep-
resents 10 mm and applies to all panels in (A) and (B).
(C) Microtubules were inhibited with nocodazole (added at 21 s). Aspiration pressure (0.35 nN/mm2) was applied after the microtubules disap-
peared (337 s). GFP-myosin II localized to the pipette without microtubules (arrow, 429 s). This image sequence corresponds to Movie S6.
(D) With the pipettes aligned parallel to the spindle axis, crescents (arrows) of myosin II assembled at each polar cortex. The aspiration pressure
was 0.45 nN/mm2.
(E) Crescents (arrows) of myosin II assembled on opposing sides of the spindle with two pipettes oriented perpendicularly to the mitotic spindle
but placed near one centrosome. The aspiration pressure was 0.35 nN/mm2.0.15–0.30 nN/mm2. Cortexillin I was recruited to the site
of the applied load in 67% of dividing cells (Figure S1;
Table S1; Movie S5). However, similar to myosin II, cor-
texillin I failed to redistribute in response to mechanical
disturbance during interphase (Table S1). In contrast,
dynacortin, which enriches in the polar cortex during
cytokinesis, did not relocalize to the pipette during mito-
sis (Figure S2). Thus, the mechanosensory system is
a contractile-protein response, rather than a myosin-II-
specific or a general cytoskeleton response.
The mitotic spindle delivers positive and negative sig-
nals to the overlying cortex, which triggers contractile-
ring assembly [8]. In our experiments, all of the unloaded
cells and 64% of the loaded cells that had asymmetric
GFP-myosin-II distribution during early cytokinesis
also had an asymmetrically positioned mitotic spindle.
Although cells were aspirated during all stages of mito-
sis, cells exclusively responded to mechanical load by
redistributing contractile proteins during anaphase
through the end of cytokinesis. These observations raise
the question of whether the GFP-myosin-II recruitment
is a response to an asymmetrically positioned anaphase
spindle, applied load, or both. To separate the roles offorce from spindle position, we used nocodazole to de-
polymerize the microtubules during anaphase (Supple-
mental Experimental Procedures). Myosin II redistrib-
uted in response to aspiration in the absence of
microtubules, and, further, the myosin-II response dissi-
pated when the pressure was released, indicating that
force was sufficient to direct myosin-II recruitment
(Figure 3C; Table S1; Movie S6). Using two pipettes to
apply load to different regions of the cortex simulta-
neously, we also verified that spindle orientation did
not influence the ability to respond to mechanical load.
Crescents of myosin II could be recruited to the cortex
under each pipette with the spindle in any orientation
with respect to the pipettes (Figures 3D and 3E).
These observations, coupled with the response in late
cytokinesis (Figure 2B), demonstrate that mechanical
force deforms the cortex, leading to the redistribution
of contractile proteins, and that applied force can over-
ride normal spindle signals (Figure 1A versus Figure 3D).
Thus, although the mitotic-spindle position correlates
with the asymmetric distribution of contractile proteins,
its role is not essential for mechanosensing. Therefore,
the asymmetry in spindle position may be reflective of
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1966asymmetric cell shape and/or mechanical strain in the
cortical network.
Historically, micromechanical studies have contrib-
uted significantly to our understanding of the changes
in mechanical behavior that correlate with cytokinetic
furrowing [9, 13–17]. However, the molecular bases for
these changes, how they relate to cleavage-furrow in-
gression, and how they regulate the evolution of cell
shape are not understood [9, 18]. Our study raises the
possibility that some of the mechanical changes uncov-
ered by traditional micromechanical techniques may
have been influenced by mechanosensory responses
of dividing cells. Previous studies also demonstrated
that contractile proteins can be directed around the
cell by moving the spindle [19, 20]; however, our obser-
vations indicate that applied force can override normal
spindle signals, allowing myosin II to accumulate wher-
ever cell-shape deformation is induced (Figure 4).
Numerous biological systems achieve robustness by
utilizing feedback loops [21, 22]. We propose that this
mechanosensory system of redistributing proteins in re-
sponse to shape perturbations is part of a feedback
mechanism that monitors cell shape. In this feedback
system, mechanical strain in the network triggers activa-
tion of a mechanosensor, leading to recruitment of my-
osin II and cortexillin I to the shape disturbance. These
proteins then increase the local viscoelastic resistance
of the cortex [9, 23, 24], slowing further shape deforma-
tion. During early cytokinesis, furrowing is delayed until
myosin II, which promotes dynamic cortical rearrange-
ments through its mechanochemistry [24], contracts
the cortex away from the pipette. During late cytokine-
sis, myosin II recruited to the pipette at the polar cortex
resists the local deformation, whereas equatorial myo-
sin-II contractility along with other myosin-II-indepen-
dent processes (Laplace pressures and membrane traf-
ficking [11, 25]) continue furrow thinning. Further, the
ability to correct mechanical perturbation is dependent
on myosin II, and cells deficient in either myosin II or cor-
texillin I have increased frequencies of asymmetrical cell
divisions, indicating an inability to correct shape asym-
metries (Table S2, [23, 26]). Importantly, loaded wild-
type cells achieve levels of cytokinesis completion sim-
ilar to those of unloaded cells (Table S1), demonstrating
the robustness of this system.
Significantly, this system is mitosis specific, suggest-
ing a novel pathway for mechanosensation. Cells must
sense mechanical strain in the cortex, perhaps by open-
ing ion channels or by stretching cortical cytoskeletal
proteins to create new binding sites [6, 7], triggering
contractile-protein recruitment. Previous studies on in-
terphase Dictyostelium and mammalian cells have
shown that extreme cell deformation leads to cortex-
membrane rupture and myosin-II recruitment to the rup-
ture site [27, 28]. However, our response is specific to
anaphase through cytokinesis and does not appear to
involve cortex-membrane rupture. Microtubule depoly-
merization also promotes oscillatory myosin-II-depen-
dent contractions of interphase cells [29, 30]. In
contrast, our response occurs in the presence of micro-
tubules with and without external mechanical perturba-
tion and is not oscillatory. The mitosis specificity might
arise because the contractile system is more mobile as
the cell prepares for cytokinesis. During interphase,cells may mask the mitotic system and achieve shape
control by other mechanisms such as strain-hardening
the cytoskeleton through the action of other actin cross-
linkers and cytoskeletal structures [6]. Overall, this study
establishes a framework for a systems-level analysis of
the biochemical and mechanical regulation of cell shape
during cytokinesis.
Supplemental Data
Supplemental Data include Experimental Procedures, two figures,
and two tables and are available with this article online at: http://
www.current-biology.com/cgi/content/full/16/19/1962/DC1/.
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